To investigate the mechanism of action of volatile anesthetics, we are studying mutants of the yeast Saccharomyces cerevisiae that have altered sensitivity to isoflurane, a widely used clinical anesthetic. Several lines of evidence from these studies implicate a role for ubiquitin metabolism in cellular response to volatile anesthetics: (i) mutations in the ZZZ1 gene render cells resistant to isoflurane, and the ZZZ1 gene is identical to BUL1 (binds ubiquitin ligase), which appears to be involved in the ubiquitination pathway; (ii) ZZZ4, which we previously found is involved in anesthetic response, is identical to the DOA1/UFD3 gene, which was identified based on altered degradation of ubiquitinated proteins; (iii) analysis of zzz1⌬ zzz4⌬ double mutants suggests that these genes encode products involved in the same pathway for anesthetic response since the double mutant is no more resistant to anesthetic than either of the single mutant parents; (iv) ubiquitin ligase (MDP1/RSP5) mutants are altered in their response to isoflurane; and (v) mutants with decreased proteasome activity are resistant to isoflurane. The ZZZ1 and MDP1/RSP5 gene products appear to play important roles in determining effective anesthetic dose in yeast since increased levels of either gene increases isoflurane sensitivity whereas decreased activity decreases sensitivity. Like zzz4 strains, zzz1 mutants are resistant to all five volatile anesthetics tested, suggesting there are similarities in the mechanisms of action of a variety of volatile anesthetics in yeast and that ubiquitin metabolism affects response to all the agents examined.
Although volatile inhaled anesthetics are most widely known for their ability to induce anesthesia rendering patients unconscious and insensitive to pain, these compounds also induce effects in all cells and tissues that have been carefully examined. For example, in mammals, volatile anesthetics directly depress cardiac contractility (33) , dilate vascular smooth muscle (25) , and relax skeletal muscle (3, 22) independent of their anesthetic action. In plants, they inhibit protoplasm flow and CO 2 decomposition (29), and we find that in the yeast Saccharomyces cerevisiae, volatile anesthetics arrest cell division (23) .
In the late 1800s it was demonstrated that there is a correlation between the lipophilicity of volatile anesthetics and their potency for inducing effects in a variety of different organisms (for recent reviews, see references 27 and 28) . This correlation also holds for the growth-inhibitory effect of these compounds in yeast (23) . The correlation between lipophilicity and potency has become central to all discussions of the activity of volatile anesthetics, and it has led to speculation that these compounds could directly affect the activity of one or a few critical membrane-bound proteins by binding to hydrophobic portions of the protein(s) or by interacting with lipids surrounding the protein(s) (for a recent review, see reference 24). However, the actual mechanism of action for any effects of volatile anesthetics remains unknown.
Molecular genetic analysis in model organisms provides a powerful tool for elucidating the mechanism of action of drugs. Although yeasts are less sensitive to anesthetics than mammals (23) , in several important properties the parallels between these compounds as yeast growth inhibitors (23, 44) and mammalian anesthetics (24) are quite striking. These parallels include (i) rapid and reversible effects; (ii) very sharp doseresponse curve; (iii) direct correlation between potency and lipophilicity; (iv) additivity of effective concentrations of mixtures of compounds; and (v) lack of effect in yeast of lipophilic compounds that are nonanesthetic in mammals. To further investigate the mechanism(s) of response to volatile anesthetics, we are isolating and characterizing yeast mutants with altered sensitivity to these compounds. Here we report that ubiquitin metabolism affects the cellular response to anesthetics and plays a role in determining the effective anesthetic dose for yeast.
MATERIALS AND METHODS
Strains and media. Yeast strains used in these studies are listed in Table 1 . Double-stranded plasmids were propagated in Escherichia coli MC1066 [leuB trpC pyrF::Tn5 (Kan r ) araT lacX74 del strA hsdR hsdM (obtained from M. Casadaban)]. For ␥␦ mutagenesis, E. coli HB101 FЈ lac pro and HB101 pyrA::Tn5 (Kan r ) (F Ϫ ) were used. Yeast (26) and bacterial (34) media were prepared as described previously. Standard methods were used for yeast genetic analysis (31) .
Anesthetic exposure and mutant isolation. Isoflurane (Anaquest), halothane without thymol as a preservative (kindly provided by Halocarbon, North Augusta, S.C.), sevoflurane (kindly provided by Maruishi Pharmaceutical Co., Osaka, Japan), methoxyflurane (kindly provided by Abbott Laboratories, King of Prussia, Pa.), and enflurane (Anaquest) were used for these studies. Exposure to these agents and determination of the concentration of the compounds were performed as described previously (23, 44) . Spontaneous mutants that grew on solid media in the presence of 12% isoflurane, a concentration that inhibits growth of wild-type RLK88-3C (Table 1) , were isolated. Sensitivity or resistance to anesthetics and ability to grow at various temperatures were determined by diluting freshly saturated cultures of strains 50-fold and spotting 5 l of this dilution onto solid medium and incubating the plates for 3 to 4 days in the appropriate conditions. Quantitative growth assays to generate dose-response curves were performed by spotting approximately 4,000 cells onto synthetic complete (SC) medium (26) and incubating the plates for 72 h at 30°C in the absence or presence of various concentrations of isoflurane. Growth from the initial 4,000 cells was removed on agar cores and resuspended in sterile water. Dilutions were spread on SC medium and incubated at 30°C to determine viable cell counts. Percent growth was determined by comparing viable cells at each concentration of isoflurane to viable cells obtained in the absence of isoflurane (defined as 100% growth). Quadruplicate spots were assayed at each concentration of anesthetic.
DNA manipulations and plasmid constructions. Restriction and modification enzymes were purchased from several sources and used according to the instructions of the manufacturers. Standard procedures for the purification of plasmid (34) and yeast (31) DNA were used. Southern hybridizations were performed as described previously (34) .
Plasmid pL1777, a derivative of YCp50 (30) , contains a 12.3-kb fragment of yeast genomic DNA from chromosome XIII that includes ZZZ1. To initially localize the sequences encoding ZZZ1, various portions of pL1777 were excised by cutting with appropriate restriction enzymes that cleaved in at least two different locations on the plasmid. Following inactivation of the restriction enzyme, the restricted DNA was diluted and ligated to produce the corresponding deletion derivative. Among the deletion derivatives constructed, the ZZZ1 gene remained functional only when an XbaI fragment of pL1777 was deleted. The plasmid containing this XbaI deletion, pL1896, was used in ␥␦ transposon mutagenesis (12) to further localize the ZZZ1 gene.
To determine the DNA sequence of ZZZ1, the 5.2-kb SnaBI-XbaI fragment containing ZZZ1 (Fig. 1) was isolated from pL1896, treated with the Klenow fragment of DNA polymerase I to make it blunt ended, and ligated into pTZ19U (Pharmacia). Derivatives containing the two orientations of this fragment, pL1992 and pL1995, were isolated and sequenced by the dideoxy-mediated chain termination method (35) . The XhoI-ClaI deletion of ZZZ1, in pL2150, was constructed by digesting pL1992 with XhoI and ClaI, ligating with the 2-kb HpaI-SalI fragment containing LEU2, treating this ligation reaction with the Klenow fragment of DNA polymerase I, and then continuing the ligation. As anticipated, deletions obtained from this mixture contained a hybrid SalI/XhoI site at the junction between the ZZZ1 and LEU2 sequences. The EcoRV deletion of ZZZ1, in pL2177, was constructed by digesting pL1992 with EcoRV and ligating in the 1.2-kb HindIII fragment containing URA3 that had been made blunt ended by incubation with the Klenow fragment of DNA polymerase I. The NcoI-NsiI deletion mutation, in pL2178, was constructed by digesting pL1992 with NcoI and NsiI, treating with the Klenow fragment of DNA polymerase I, and ligating in the blunt-ended HindIII fragment containing URA3. These three deletion mutations were targeted for gene disruption (32) by digesting with XbaI and transforming (36) the linearized DNA into P107 ( Table 1 ). The HincIIEcoRV deletion mutation was constructed by digesting pL1992 with HincII and EcoRV and ligating in a NotI linker. The resulting plasmid was digested with NotI, and a hisG-URA3-hisG fragment (1) modified to have NotI linkers at both ends was inserted. This deletion derivative was targeted for gene disruption by digesting with EcoRI and transforming the linearized DNA into P107 (Table 1) . Diploid transformants with appropriate deletions on one copy of the chromosome were identified by Southern analysis (34) . These strains were sporulated, and the resulting tetrads were dissected to obtain haploid strains containing the deletions. Haploids that potentially contained these deletions were confirmed by Southern hybridization.
To construct single-copy and multicopy plasmids that contain only ZZZ1, an XbaI linker was inserted at the NsiI site between ZZZ1 and RCE1 ( Fig. 1) to create pL3773. The 3.2-kb Eco57I-XbaI fragment of this plasmid that contains ZZZ1 was inserted into both YCplac33 and YEplac195 (10) that were cleaved with XbaI and SmaI. The vector and ZZZ1 fragments were initially ligated to permit the XbaI sites to ligate, then the Eco57I site was made blunt ended by treatment with the Klenow fragment of DNA polymerase I, and the ligation was continued. The resulting YCpZZZ1 and YEpZZZ1 plasmids are named pL3900 and pL3832, respectively.
Single-copy and multicopy plasmids containing the MDP1/RSP5 ubiquitin ligase gene, YCp33MDP1 (47) and RB1 (48), were kindly provided by A. Hopper. We refer to these plasmids as YCpMDP1 and YEpMDP1, respectively.
The entire protein encoding sequences of PEP4 or PRB1 were deleted and replaced with loxP-kanMX-loxP from pUG6 (11) by using appropriate PCRgenerated gene disruption cassettes. Appropriate disruptions were verified by PCR. To construct strains containing deletions of both PEP4 and PRB1, pep4⌬::loxP-kanMX-loxP strains were transformed with pSH47, which contains a galactose-regulated Cre recombinase (11) , and derivatives that had excised kanMX and one of the loxP sites were identified based on their sensitivity to G418. Since the wild-type RLK88-3C (Table 1 ) strain does not induce gene expression in response to galactose, it was necessary to screen several hundred colonies to identify a few that were G418 sensitive. pep4⌬::loxP derivatives were then transformed with the prb1⌬::loxP-kanMX-loxP disruption cassette.
RESULTS

Analysis of Iso
r zzz1 mutants. Spontaneous mutants resistant to the growth-inhibitory effects of isoflurane arise at a fairly high frequency. Seven of fifteen spontaneous mutants characterized to date contain mutations in the same nuclear gene, ZZZ1. The M1 and M3 mutants of ZZZ1 (Table 2) were isolated from 10 5 cells of a single culture of RLK88-3C (Table  1 ) plated on solid medium and incubated in the presence of 12% isoflurane. Phenotypic differences between these mutants indicate that they arose from independent events ( Table 2 ; see below). Except for M15, the zzz1 mutants listed in Table 2 were obtained by spotting approximately 10 5 cells from a series of independently established cultures onto solid medium and incubating the plates in the presence of 12% isoflurane. Since only a single mutant colony was picked and characterized from each culture, these mutants are also of independent origin. M15 is an unselected isoflurane-resistant (Iso r ) mutant from yeast strain K1784 ( Table 1 ) that was identified among colonies being used as isoflurane-sensitive (Iso s ) controls. The K1784 strain was derived from RLK88-3C by two separate transformations and is thus essentially isogenic with the other mutants.
While the MIC (the minimum concentration needed to prevent visible growth on solid medium after 3 days [23] ) of isoflurane in the normal strain, RLK88-3C (Table 1) , is 12%, the MICs for these seven mutants range from 13.5 to 15.5%, indicating that the different mutations affect the activity of the ZZZ1 gene product to various extents (Table 2) . Heterozygous zzz1/ϩ diploids for six of these seven mutants, M1, M6, M7, M9, M14, and M15, grow to some extent at the isoflurane MIC. The amount of growth is variable but in all cases is less than that obtained with the comparable homozygous diploid mutant, indicating that these mutants are semidominant with respect to altered response to isoflurane. In contrast, the M3 mutant is recessive ( Table 2) . Examination of at least six fourspore viable tetrads from heterozygous diploids for each of these seven mutants yielded two resistant and two sensitive spores in every case, showing that each mutant contains either a single nuclear mutation or closely linked nuclear mutations that render cells Iso r . In addition to altered response to isoflurane, six of these mutants, M1, M3, M6, M7, M9, and M14, are temperature sensitive since they either fail to grow (M3, M6, M7, and M14) or grow little (M1 and M9) at 37.5°C in the absence of isoflurane (Table 2 ). Only M15 grows well at elevated temperatures. Temperature sensitivity is recessive for M1, M3, M6, M7, and M9 but is semidominant for M14, based on the amount of growth observed at 37.5°C for the various heterozygous diploids compared to appropriate homozygous mutant diploids. In tetrads derived from heterozygous diploids of the six temperature-sensitive mutants, the temperature sensitivity segregates 2:2 and cosegregates with the Iso r phenotype, indicating that the same nuclear mutation plays a critical role in both phenotypes.
The M1 mutant, defined as zzz1-1, was crossed to each of the other six mutants in Table 2 . At least 32 spores from each cross were examined, and all spores derived from these six crosses were Iso r , indicating that all of these mutants contain mutations in ZZZ1 (or in a gene that is at most 3 map units from ZZZ1).
Molecular analysis of ZZZ1. To obtain additional insight regarding the molecular basis of anesthetic resistance, we cloned the ZZZ1 gene from a centromeric yeast DNA library based on its ability to complement the recessive temperature sensitivity of M3 (zzz1-2). Two temperature-resistant transformants that were also Iso s were recovered. Loss of the plasmids from these transformants resulted in reversion to the temperature-sensitive and Iso r phenotypes of zzz1-2. The plasmids from the transformants were recovered into E. coli. Reintroduction of these plasmids, designated pL1777 and pL1779, into a zzz1-2 strain gave rise to temperature-resistant and Iso s transformants. These plasmids also partially complemented the Iso r phenotype of zzz1-1 (M1) strains as would be expected for the semidominant phenotype of zzz1-1. Taken together, these results indicate that a plasmid-borne gene in pL1777 and pL1779 complements the mutant phenotypes of the zzz1-1 and zzz1-2 strains.
Restriction analysis showed that plasmids pL1777 and pL1779 contain identical 12.3-kb inserts. Deletion analysis and ␥␦ transposon mutagenesis were used to further localize the sequences in pL1777 that complement the zzz1 phenotypes. Removal of the XbaI fragment produced a construct that complemented the zzz1-2 phenotypes (Fig. 1 ). All other deletions tested, such as AatII and BamHI deletions (Fig. 1) , remove extensive portions of insert DNA and abolish complementing activity. Transposon mutagenesis localized the complementing gene more precisely. From more than 100 transposon mutants isolated, three disrupted the complementing gene. All three of these transposons mapped within a 500-bp region near the right-hand end of the insert (Fig. 1) . In combination, the deletion and transposon analyses indicate that one end of the complementing gene is located between the AatII and XbaI sites located in the right half of Fig. 1 , while the other end of the gene extends past the EcoRV site near the right end of the insert.
To determine if the complementing gene is ZZZ1 or a second-site suppressor of zzz1 mutations, the XhoI-ClaI fragment near the site of insertion of the ␥␦ transposons (Fig. 1) was replaced by LEU2. Gene replacement transformation (32) was used to place this LEU2-tagged insert on one chromosome of the Zzz ϩ diploid P107 (Table 1) .
ZZZ1 is identical to BUL1. Our sequence of ZZZ1, which is identical to the sequence determined for the YMR275C open reading frame on chromosome XIII by the yeast genome sequencing project, indicates that this gene encodes a 976-amino-acid protein. This gene has been identified and independently sequenced in two other mutant hunts and named BUL1 (binds ubiquitin ligase; GenBank accession no. D50083 [46] ) and RDS1 (respiration deficiency suppressor; GenBank accession no. X88901). The predicted protein sequences for Bul1p and Rds1p each differ by one amino acid from that predicted for Zzz1p (and YMR275C) from our sequencing of ZZZ1: Zzz1p has a valine at amino acid 35 whereas Bul1p has an alanine; and Zzz1p has an alanine at amino acid 963 whereas Rds1p has an arginine.
The XhoI-ClaI deletion of ZZZ1 described above, called zzz1⌬-174 (Table 1) , has the potential to encode a 177-aminoacid peptide composed of 174 amino acids from the amino terminus of ZZZ1 and 3 amino acids encoded by the fragment containing the LEU2 gene. Haploids containing this deletion are viable and Iso r . It is possible that this truncated peptide still performs some functions of wild-type Zzz1p but is resistant to isoflurane. To determine whether a null mutation of ZZZ1 is viable and Iso r , we tested three additional deletion alleles (Table 1 ) of this gene: (i) an NcoI-NsiI deletion (Fig. 1) that removes all of ZZZ1 as well as the amino terminus of the adjacent gene, DSK2 (4) (called zzz1⌬ dsk2⌬); (ii) a HincIIEcoRV deletion that removes the translation initiation site and all but the carboxy-terminal 10 amino acids of ZZZ1 (called zzz1⌬-0); and (iii) an EcoRV deletion in which the aminoterminal 122 amino acids of Zzz1p remain (called zzz1⌬-122) . Each of these deletion constructs was transformed into the Zzz ϩ diploid P107 as described above. Transformants in which one chromosomal copy of the ZZZ1 gene was replaced by the deletion were identified by Southern analysis. Tetrads from these heterozygous diploids were dissected; in all cases spore viability was greater than 82%, with two of the spore colonies containing the deletion allele and two containing the wild-type gene as confirmed by Southern analysis. Thus, ZZZ1 is not an essential gene since strains in which this gene is completely deleted are viable and in fact show no noticeable difference from wild-type strains with respect to growth at 30°C in the absence of anesthetic.
Haploid strains containing each of these zzz1⌬ mutations are Iso r . The MIC for zzz1⌬-0 strains is 16% isoflurane, which is higher than the MIC for any spontaneous mutant ( Table 1 ), suggesting that each spontaneous mutant retains partial Zzz1p activity. The dose-response curves for both wild-type and zzz1⌬-0 strains are parallel and very sharp (Fig. 2) . The sharpness of this response is exemplified by finding that for both wild-type and zzz1⌬ strains, growth is largely unaffected by a concentration of isoflurane that is one-half the MIC. While it is not clear why the dose-response curve is so steep, the fundamental phenomenon for response to isoflurane is similar in wild-type and zzz1⌬-0 mutants and is reminiscent of the sharp dose-response observed for the activity of these compounds in mammalian anesthesia (6) .
Diploids heterozygous for any one of the four zzz1 deletions are able to grow in the presence of concentrations of isoflurane that are growth inhibitory to homozygous diploid Zzz ϩ strains (Fig. 3) . Thus, these deletion mutations are semidominant as are many of the spontaneous mutations (Table 2) . Heterozygotes of the zzz1⌬-174 mutation, which has the potential to encode the longest amino-terminal zzz1 peptide of the deletions tested, grow substantially better in the presence isoflurane than do heterozygotes containing the zzz1⌬-0 (Fig. 3) , zzz1⌬-122 (Fig. 3) , or zzz1⌬ dsk2⌬ (not shown) mutation. All of the deletion heterozygotes are temperature resistant, and thus these deletions behave as recessive mutations for the temperature sensitivity phenotype (Fig. 3) .
Temperature sensitivity of zzz1 mutants is a synthetic phenotype. In haploids, each of the zzz1⌬ mutants is temperature sensitive. Yashiroda et al. (46) found that the temperature sensitivity of a bul1 disruptant was suppressed by SSD1 on a single-copy vector. Transformants of temperature-sensitive, Iso r zzz1-2 or zzz1⌬::0 strains that contain a YCpSSD1 plasmid [pTW1007 (43) ] remain Iso r but are now temperature resistant. Since temperature sensitivity of these zzz1 strains is not altered by the presence of a control YCp vector, it is likely that SSD1 is responsible for suppression of this phenotype. The SSD1 gene has been shown to be polymorphic in yeast (40) , and some strains that are classified as wild type contain an ssd1 allele that does not produce Ssd1p (41) . Thus, temperature sensitivity of zzz1 mutants may be a synthetic phenotype due to an ssd1 mutation in our wild-type strain RLK88-3C combined with particular zzz1 mutations. Alternatively, the presence of a functional chromosomal SSD1 gene along with YCpSSD1 may suppress the temperature sensitivity of zzz1 mutations. Regardless, these results indicate that temperature sensitivity and isoflurane resistance are separable.
Overexpression of ZZZ1 increases sensitivity to isoflurane. Finding that even complete deletions of ZZZ1 have a semidominant phenotype suggests that decreased cellular levels of Zzz1p affect the response to isoflurane. In contrast, transformation of a stable, single-copy plasmid containing ZZZ1, YCpZZZ1, into wild-type cells, which presumably increases Zzz1p levels, decreases the isoflurane MIC from 12% to 7% (Fig. 4) . Even at 5% isoflurane, growth of the wild-type/ YCpZZZ1 transformants is dramatically decreased. The ZZZ1 gene is responsible for the decreased MIC since it is the only gene present on this plasmid (see Materials and Methods) and the control YCp vector does not affect the isoflurane MIC of the wild-type strain (Fig. 4 ). It appears that this YCp-borne ZZZ1 gene is expressed at higher levels than the chromosomal ZZZ1 gene since the isoflurane MIC for a zzz1⌬-0 strain containing YCpZZZ1 is unexpectedly low, 9% instead of 12% (Fig. 4) . In the absence of isoflurane, wild-type or zzz1⌬-0 strains containing YCpZZZ1 grow normally (Fig. 5A) . However, we find that transformants of these same strains containing ZZZ1 on a multicopy plasmid, YEpZZZ1, grow very slowly even in the absence of anesthetic (Fig. 5A) , indicating that substantial overexpression of ZZZ1 is detrimental to yeast growth. Yashiroda et al. (46) found no effect on growth of their wild-type cells when a multicopy plasmid containing BUL1 was introduced. The difference in behavior of multicopy ZZZ1 and BUL1 plasmids may be strain dependent, multicopy vector dependent, or due to the apparent amino acid difference at position 35 of the BUL1 and ZZZ1 genes used in the plasmids.
Interaction of ZZZ1 and ZZZ4. Double-mutant studies indicate that the ZZZ1 and ZZZ4 (23) gene products participate in a common pathway. As single mutants, zzz4⌬::LEU2 strains, which contain a null mutation of ZZZ4 (23), grow more slowly in the presence of isoflurane and have a lower MIC than zzz1⌬-0 strains (Fig. 6) . Double zzz1⌬-0 zzz4::LEU2 mutants show the same isoflurane response as zzz4⌬::LEU2 single-mutant strains (Fig. 6 ). This type of interaction in which the altered response of the double mutant is no greater than that of either single mutant parent suggests that these genes identify components involved in a single pathway rather than in multiple pathways (7, 8) .
Two lines of evidence from studies of overexpression of ZZZ1 in zzz4⌬::LEU2 strains also support this contention. First, in contrast to wild-type and zzz1⌬-0 strains, the isoflurane resistance of zzz4⌬::LEU2 strains transformed with YCpZZZ1 is not altered (Fig. 4) . Second, growth of zzz4⌬::LEU2 strains is not affected by the presence of YEpZZZ1 (Fig. 5C ). Both findings indicate that ZZZ4 en- codes a product necessary for the effects imparted by plasmidborne copies of ZZZ1.
Ubiquitin ligase affects response to isoflurane. While the function of the BUL1/ZZZ1 gene product is unknown, twohybrid analysis indicates that it interacts with the yeast ubiquitin ligase encoded by MDP1/RSP5 (20, 48) , suggesting that Bul1p/Zzz1p may play a role in ubiquitin metabolism (46) . Additional support for this possibility comes from finding that ZZZ4, another gene that affects volatile anesthetic response (23) , is identical to DOA1/UFD3, which is involved in ubiquitin-dependent protein degradation (9, 16). Thus, the anesthetic resistance of zzz1 and zzz4 mutants may result from altered ubiquitin metabolism. To further test this possibility, we examined the response of ubiquitin ligase (mdp1/rsp5) mutants to isoflurane. Strains containing either of the two mdp1 mutations tested, mdp1-1 and mdp1-16 (Table 1) , are resistant to the growth-inhibitory effects of isoflurane compared to an isogenic wild-type strain, MDP1 ϩ (Fig. 7) . The isogenic wildtype strain, MDP1 ϩ (Table 1) , for these mutants is slightly more resistant to isoflurane than RLK88-3C, the wild-type strain that we normally use, as shown by the slight growth of the MDP1 ϩ strain at 12% isoflurane (Fig. 7) . Transformants of wild-type RLK88-3C containing a single extra copy of MDP1/RSP5 on a centromeric vector, YCp-MDP1, have increased sensitivity to isoflurane. Growth of these transformants is dramatically decreased in 10% isoflurane, and the MIC for these transformants is 11%, rather than compared to 12% for wild-type/YCp transformants (Fig. 8) . Transformants of RLK88-3C that overexpress ubiquitin ligase from the multicopy plasmid YEpMDP1 show a further decrease in the isoflurane MIC to 10% (Fig. 8) . In the absence of isoflurane, growth of wild-type RLK88-3C transformants containing either the YCpMDP1 or YEpMDP1 vector is not noticeably affected in either spots (Fig. 8) or streaks (data not shown). In zzz1⌬ or zzz4⌬ strains, neither the growth nor the level of anesthetic resistance is affected by plasmid YCpMDP1 or YEpMDP1 (Fig. 8 and data not shown) .
Proteasome function affects cellular response to isoflurane. To ascertain whether degradation of ubiquitinated proteins is involved in cellular response to volatile anesthetics, mutants that affect the proteolytic activity of the proteasome or vacuole were examined for response to isoflurane. pre1 pre2 mutants that have decreased proteasomal activity (14) are more resistant to the growth-inhibitory effects of isoflurane at 30°C (Fig.  9A ) than an isogenic wild-type control. The pre1-1 pre2-2 strain, which grows better than the pre1-1 pre2-1 strain in the absence of isoflurane (14), grew better than the pre1-1 pre2-1 strain at elevated concentrations of isoflurane. At 24°C, the MIC of isoflurane for all three strains is 12% (data not shown).
To test for effects of vacuolar degradation on the response to volatile anesthetics, we determined the responses of pep4⌬, prb1⌬, and pep4⌬ prb1⌬ mutants isogenic to RLK88-3C to isoflurane. All three of these vacuolar mutants show a pattern of growth inhibition identical to that of the wild type (Fig. 9B) , indicating that vacuolar degradation does not play a role in cellular response to volatile anesthetics. To assess the effect of vacuolar degradation on anesthetic response in cells with impaired proteasome function, we examined pre1-1 pre2-2 pep4⌬ triple mutants for growth in the presence of isoflurane. As seen in the RLK88-3C background, the pep4⌬ mutation does not affect anesthetic response in the WCG4a background (Fig.  9A) . The response of the pre1-1 pre2-2 pep4⌬ mutant to isoflurane is identical to that of the pre1-1 pre2-2 mutant (Fig. 9A) indicating that vacuolar function does not affect anesthetic response even when proteasome function is deficient. zzz1 mutants are cross-resistant to other volatile anesthetics. A wide variety of compounds can function as volatile anesthetics (for a recent review, see reference 24). We find that all seven of the spontaneous zzz1 mutants isolated based on their resistance to isoflurane as well as the four zzz1⌬ mutants that we constructed are resistant to the volatile anesthetics methoxyflurane, halothane, enflurane, and sevoflurane, as well as isoflurane (data not shown). We have previously shown that zzz4 mutations, also initially identified as being Iso r , render cells cross-resistant to these additional volatile anesthetics (23) . These findings raise the possibility that ubiquitin metabolism is involved in a general way in the cellular response to volatile anesthetics.
DISCUSSION
Mutations in ZZZ1, which is identical to BUL1, render yeast resistant to the growth-inhibitory effects of volatile anesthetics. Bul1p/Zzz1p is proposed to be involved in protein ubiquitination since it interacts with the ubiquitin ligase encoded by MDP1/RSP5 (46) . The finding that another gene we have identified, ZZZ4/DOA1/UFD3 (23) , is involved in ubiquitin-dependent proteolysis (9, 18) and that ubiquitin ligase (MDP1/RSP5) mutations and proteasome (PRE) mutations also affect anesthetic sensitivity in yeast suggests that ubiquitin metabolism and proteasomal degradation of ubiquitinated proteins could play key roles in cellular response to volatile anesthetics. Our previous unexplained results that zzz1 and zzz4 mutants are sensitive to cadmium (44) (Fig. 4 and 8) , indicating that ubiquitin metabolism, involving ZZZ1 and MDP1/RSP5 in particular, may play a key role in determining the basal state of anesthetic sensitivity in cells. Completely or partially defective mutations of either of these genes increases anesthetic resistance. A further indication that ZZZ1 levels substantially affect anesthetic response comes from the finding that zzz1⌬/ϩ heterozygotes, including ones containing the zzz1⌬-0 mutation, which lack only a single copy of ZZZ1 compared to ϩ/ϩ diploids, have increased resistance to isoflurane (Fig. 3) . Thus, it appears that increased activity of Zzz1p or Mdp1(Rsp5p) leads to increased sensitivity while decreased activity results in decreased sensitivity. Dominant negative zzz1⌬. While zzz1⌬/ϩ heterozygotes that contain a complete deletion of ZZZ1 (zzz1⌬-0 or zzz1⌬ dsk2⌬ [ Table 1] ) have a low level of isoflurane resistance, heterozygotes that contain the zzz1⌬-174 mutation, which has the potential to encode a peptide containing the amino-terminal 174 residues of Zzz1p, grow much better in the presence of isoflurane. This suggests that zzz1⌬-174 is a dominant negative mutation (15, 42) . The zzz1⌬-122 allele, which has the potential to encode a 122-residue amino-terminal peptide, does not behave as a dominant negative mutation. Finding that Bul1p (Zzz1p) interacts with Rsp5p (46) suggests an intriguing potential explanation for this difference. Rsp5p is a homologue of the mammalian Nedd4 protein (13, 19, 20) . Both Rsp5 and Nedd4 contain WW domains (for a review, see reference 39) a module of approximately 30 to 40 amino acids containing two strictly conserved tryptophans (2, 5, 19) . The WW domains of Nedd4 have been shown to bind to PY domains in subunits of the epithelial Na ϩ channel (37, 38) . The potential amino-terminal peptide of Zzz1p encoded by the zzz1⌬-174 deletion contains a PY consensus sequence (XPPXY) at amino acids 156 to 160 (FPPSY) and thus may be able to bind and form nonfunctional complex. The potential zzz1⌬-122 product does not contain this PY domain and thus may be unable to bind and form complex. Support for this suggestion comes from finding that the PY consensus sequence of Bul1p/Zzz1p is necessary for interaction with Rsp5p in the two-hybrid assay (45) .
Role of ubiquitin metabolism. The role of ubiquitin metabolism in anesthetic response may be direct or indirect. Direct involvement would indicate that this is possibly a type of stress response with anesthetic exposure altering ubiquitin metabolism. For example, in Zzz ϩ (wild-type) cells, anesthetic exposure could lead to increased ubiquitination that increases degradation, alters regulation, and/or affects endocytosis (17) of cellular proteins, some of which are critical for division (compare Fig. 10Ai and Aii). In such a scenario, Zzz Ϫ mutants are unable to alter ubiquitin metabolism when exposed to anesthetics (Fig. 10Aiii) and thus would continue to divide when exposed to these compounds.
In contrast, ubiquitin metabolism may indirectly affect anesthetic response. For instance, in Zzz ϩ cells the concentration of the active form of one or more proteins necessary for cell FIG. 9 . Proteasome mutants affect volatile anesthetic response. Strains isogenic except for various proteasome and/or vacuole mutations, pre1 pre2, pep4⌬, and pre1 pre2 pep4⌬, were examined for growth in the presence of various concentrations of isoflurane (Iso) (A). The wild-type (Wt) strain RLK88-3C and vacuolar mutants that are isogenic except for the indicated mutations, pep4⌬, prb1⌬, and pep4⌬ prb1⌬, were tested for response to isoflurane (B).
growth may normally be controlled by a ubiquitin-dependent process (Fig. 10Bi) . In addition, binding of anesthetic may also inactivate the protein in Zzz ϩ cells (Fig. 10Bii) , causing growth arrest. In Zzz Ϫ cells grown in the absence of anesthetic, there may be increased cellular concentrations of active protein due to defective ubiquitin metabolism. Only some of this larger pool of active protein is inactivated when the mutant cells are exposed to the MIC of anesthetic (Fig. 10Biii) , thus permitting the cells to continue to grow in the presence of anesthetic.
Finding that proteasome mutants affect response to volatile anesthetics suggests that ubiquitin-dependent degradation of proteins plays a role in the normal activity of volatile anesthetics. However, it is possible that ubiquitination affects anesthetic response in other ways such as altering regulation or endocytosis of critical proteins (17) . Continued analysis of additional yeast anesthetic-response mutants and of the cellular effects of volatile anesthetics in yeast should provide further insights regarding the mechanism of action of these critical drugs.
